The mechanism by which Neisseria meningitidis becomes invasive is not well understood. Comparative genomics identified the presence of an 8 kb island in strains belonging to invasive clonal complexes. This island was designated MDA for meningococcal disease associated. MDA is highly conserved among meningococcal isolates and its analysis revealed a genomic organization similar to that of a filamentous prophage such as CTXW of Vibrio cholerae. Subsequent molecular investigations showed that the MDA island has indeed the characteristics of a filamentous prophage, which can enter into a productive cycle and is secreted using the type IV pilus (tfp) secretin PilQ. At least three genes of the prophage are necessary for the formation of the replicative cytoplasmic form (orf1, orf2 and orf9). Immunolabelling of the phage with antibodies against the major capsid protein, ORF4, confirmed that filamentous particles, about 1200 nm long, covered with ORF4 are present at the bacterial surface forming bundles in some places and interacting with pili. The MDA bacteriophage is able to infect different N. meningitidis strains, using the type IV pili as a receptor via an interaction with the adsorption protein ORF6. Altogether, these data demonstrate that the MDA island encodes a functional prophage able to produce infectious filamentous phage particles.
INTRODUCTION
Neisseria meningitidis is a bacterium commonly carried asymptomatically in the human nasopharynx and as such is considered as a commensal organism. Paradoxically, in some circumstances N. meningitidis is responsible for deadly diseases (Stephens et al., 2007) . Indeed, in a small proportion of colonized people, the bacteria invade the bloodstream where they cause septicaemia and/or meningitis after crossing the blood-brain barrier. Most meningococcal diseases are caused by bacteria belonging to only a few of the phylogenetic groups, among the large number that constitute the population structure of this genetically variable organism (Maiden et al., 1998) . Numerous virulence factors are expressed by meningococcus. The capsular polysaccharide, the iron chelation systems (Perkins-Balding et al., 2004) and the factor H binding protein are important virulence factors required by the bacteria to survive in the extracellular fluids (Rosenstein et al., 2001) . Other bacterial attributes, such as type IV pili and Opa proteins, are important for bacteria-host cell interaction and are likely to play an essential role in nasopharyngeal colonization (Hill et al., 2010) . In addition, type IV pili play an essential role in mediating the interaction of capsulated bacteria with microvessels, a prerequisite to the crossing of the blood-brain barrier (Coureuil et al., 2014) .
None of the above-mentioned virulence factors is specific for disease isolates and these bacterial attributes are also found in bacteria belonging to clonal complexes mostly associated with a carrier state. In order to get insights into the genetic basis responsible for the differences in pathogenic potential, a whole genome comparison using a collection of meningococci of defined pathogenic potential was performed. This study brought to light a sequence of 8 kb, designated MDA for meningococcal disease associated island, which is associated with an increased ability of invasiveness (Bille et al., 2005) . A larger study performed on 1288 meningococcal isolates confirmed that this sequence was over-represented in disease isolates from young adults, thus indicating that it may contribute to disease in this age group (Bille et al., 2008) . Analysis of this sequence suggested that it corresponds to a filamentous prophage. This hypothesis was reinforced by the fact that positive replicative ssDNA of this sequence was isolated in the supernatant of strains containing this island. However, no corresponding phage particle was found in the supernatant of strains carrying the MDA island.
Phage sequences have only been recently described in pathogenic Neisseria. By performing an in silico analysis of three genomes of N. meningitidis and one of Neisseria gonorrhoeae, Kawai et al. (2005) identified sequences that may correspond to four subtypes of Neisseria filamentous phages designated Nf. Some of these sequences were deleted but 11 intact copies of these putative phages were identified in these four genomes. The MDA island corresponded to subtype one, designated Nf1. Piekarowicz et al. (2014) cloned into Escherichia coli the sequence corresponding to Nf4-G2(inv) and were able to show that it produces infective filamentous phage particles. In this work, we aimed to demonstrate that the MDA island in N. meningitidis encodes a functional prophage able to produce infectious particles.
METHODS
Bacterial strains and culture media. Because N. meningitidis Z2491 (Parkhill et al., 2000) is not transformable, we used Z5463, formerly designated C396, a strain isolated from the throat of a patient with meningitis in The Gambia in 1983 (Achtman et al., 1988) . Z5463 is a naturally transformable serogroup A strain that belongs to the same sequence type as strain Z2491 (Sarkari et al., 1994) . N. meningitidis 8013 (2C4.3), a serogroup C strain (C : 22 : NST : L3,7,9), was also used in this study (Nassif et al., 1993) .
Neisseria were grown at 37 uC in 5 % CO 2 on GC medium base (Difco) containing Kellogg's supplement (Kellogg et al., 1968) , or in GC liquid medium [1.5 % proteose peptone (Difco), 0.4 % K 2 HPO 4 , 0.1 % KH 2 PO 4 , 0.1 % NaCl, with 12 mM FeSO 4 and Kellog's supplements]. E. coli strain DH5a was used for DNA cloning and plasmid propagation. E. coli was grown on Luria-Bertani (LB) agar or in LB liquid medium. For antibiotic selection of E. coli strains, kanamycin (Km) was used at a concentration of 50 mg ml 21 , spectinomycin (Sp) at 60 mg ml 21 , erythromycin (Em) at 150 mg ml 21 and chloramphenicol (Cm) at 15 mg ml 21 . To select strains derived from N. meningitidis Z5463, Km was used at a concentration of 200 mg ml 21 , Sp at 75 mg ml 21 , Em at 3 mg ml 21 and Cm at 5 mg ml
21
. To select strains derived from 2C4.3, Km was used at a concentration of 100 mg ml 21 .
Construction of mutants. The list of strains and mutants used in this study is reported in Table 1 . Mutants Z5463DMDA, orf1, orf6 and orf8 were described previously (Bille et al., 2005) . Mutants in the remaining ORFs (orf10, orf2, orf3, orf4, orf5, orf7 and orf9) were engineered by insertion of a Cm resistance cassette, cat, into an appropriate restriction site created by the use of oligonucleotides listed in For inactivation of pilQ, mutations initially engineered in strain N. meningitidis 8013 by in vitro transposition (Geoffroy et al., 2003) were amplified by PCR. The mutation was then introduced into N. meningitidis strain Z5463 by transformation of a PCR product. The pilT mutation (erythromycin resistant) has been previously described by Pujol et al. (1999) . The comP and pilV mutants were engineered by insertion of an antibiotic resistance cassette into the corresponding genes. The pilX mutant was constructed by an overlapping method using the oligonucleotides listed in Table 2 and insertion of a Cm resistance cassette in the pilX gene.
Z5463(SB-aph39) was obtained following transformation of DNA of strain N. meningitidis 8013 SB-aph39 mutant (kanamycin resistant) (Nassif et al., 1993) into Z5463. Both strains Z5463orf6-aph39 and Z5463orf6 : : aph39 were constructed by an overlapping method using the oligonucleotides listed in Table 2 . Z5463orf6-aph39 has a complete orf6 transcriptionally fused to the aph39 gene. Z5463orf6 : : aph39 has a deleted orf6 that is replaced by the aph39 gene. In both cases, the aph39 gene was deleted of its promoter and the transcription of the Km resistance gene is, therefore, under the control of the orf6 promoter.
To complement the orf1 mutant, the WT orf1 allele was amplified using primers Pacorf1F and Pacorf1R (Table 2) , which contained overhangs with restriction sites for Pac I. This PCR fragment was restricted with Pac I and cloned into Pac I-cut pGCC4 vector, adjacent to lacIOP regulatory sequences (Mehr et al., 2000) . This placed orf1 under the transcriptional control of an IPTG-inducible promoter within a DNA fragment corresponding to an intragenic region of the meningococcal chromosome. The orf1comp allele was then introduced into the chromosome of an orf1 mutant by homologous recombination and the corresponding strain designated Z5463orf1 : : aph39orf1comp. The same technique was used to complement orf6 and orf9 using primers PacIORF6F and ScaIORF6R, and PacIORF9F and ScaIORF9R, respectively. The orf6comp and orf9comp alleles were then introduced into the chromosome of Z5463orf6 : : aph39 and Z5463orf9 : : cat, respectively.
Phage preparation. Standard phage preparation techniques were used (Karaolis et al., 1999; Sambrook et al., 1989) . Bacteria were pelleted from 200 ml of an overnight culture in GC liquid medium. After filtration at 0.45 mm, the supernatant was treated for 3 h at 20 uC with DNase I and RNase A, at 25 mg ml 21 each. Phages were precipitated by addition of 10 % NaCl and 20 % PEG 6000, and overnight incubation at 4 uC. The phages were then pelleted by centrifugation at 11 000 g for 30 min, and resuspended in 1| PBS and used directly for immunogold-labelling or immunofluorescence. A DNA preparation was also prepared from the pellet by a phenol/ chloroform method and dissolved in TE buffer (10 mM Tris/HCl, 1 mM Na 2 EDTA, pH 8).
Plasmid preparation. Plasmid preparations were realized using the Wizard Plus SV minipreps DNA purification system with the pellet of a liquid overnight culture of N. meningitidis.
Southern blotting. Southern blot analysis was carried using the ECL direct nucleic acid labelling and detection system (GE Healthcare) according to the manufacturer's instructions. Five micrograms of bacterial genomic DNA was digested for 4 h at 37 uC with Xba I (FastDigest; Life Technologies) for which there is a single recognition site in the MDA, separated by electrophoresis in 1 % (w/v) agarose gel at 30 V overnight, and transferred to Hybond-N+ nylon membrane (Roche) and fixed by cross-linking in a Stratalinker UV cross-linker. Probe labelling, hybridization and detection were carried out using IP: 54.70.40.11
On: Sat, 05 Jan 2019 08:59:59 the ECL direct nucleic acid labelling and detection system, according to the manufacturer's instructions.
Antibodies. ORF1 and ORF9 was detected using purified rabbit polyclonal antibodies raised against peptides H2N-ERKYQEYL-SKVYHQNVDYDYF-COOH and H2N-KTGQPYDAERHRLNQ-COOH, respectively. The N-terminal and C-terminal domains of ORF4 were detected using purified rabbit polyclonal antibodies raised against peptides H2N-DGFDAAAIGTQVANV-COOH and H2N-LAIQGFKMAWSMIKS-COOH, respectively. ORF5 was detected using rabbit polyclonal antibodies against peptides H2N-CINFLKD-MGKVGTD-COOH and H2N-CVTEEGKIIRPERVGD-CONH2. ORF6 was detected using a polyclonal antibody raised in guinea pig against the whole purified protein. PilE of the type 4 pili was stained with the 20D9 mAb that is specific for the SB pilin variant of strain 2C4.3 (Pujol et al., 1997) .
Western blotting. Preparation of protein samples, SDS-PAGE separation, transfer to membranes and immunoblotting were performed using standard molecular biology techniques (Sambrook et al., 1989) . Detection of immobilized antigens was performed by chemiluminescence using ECL or ECL Plus detection reagents (Amersham).
Electronic microscopy: negative staining and immunogoldlabelling. Phage preparation and/or dense bacterial suspension in PBS were adsorbed onto Formvar-coated grids for 5 min. The bacteria were fixed for 5 min with PBS/1 % glutaraldehyde. Grids were then washed twice with water for 5 min, stained during 2 min with 1 % phosphotungstic acid, air-dried and viewed.
Immunogold-labelling of the MDAW and the pili was performed as follows. Bacteria were resuspended in PBS/3 % PFA (paraformadehyde) and adsorbed to the grids for 15 min. The grids were then rinsed twice in PBS and placed sequentially onto drops of the following reagents at room temperature: PBS/50 mM NH 4 Cl (5 min), PBS/5 % normal goat serum (5 min), and then the anti-ORF4 N-ter antibody diluted 1/50 in PBS/0.2 % gelatin for MDA or the anti-PilE 20D9 mAb diluted 1/ 100 in PBS/0.2 % gelatin for pili (for 60 min). After five washes in PBS/0.2 % gelatin, the grid was placed for 60 min on a drop of goat IgG anti-rabbit IgG conjugated to 8 nm diameter gold particles and donkey IgG anti-guinea pig IgG conjugated to 18 nm diameter gold particles diluted 1/60 in PBS/0.2 % gelatin. The grids were then subjected to five washes in PBS/0.2 % gelatin, fixed in PBS/1 % glutaraldehyde (15 min) and washed twice in distilled water. The grids were then treated with phosphotungstic acid, air dried and viewed. Image acquisition was performed with a JEOL 1011 transmission electron microscope.
Immunofluorescence and acridine orange labelling. MDAW was detected using immunofluorescence staining as previously described (Hélaine et al., 2005) with minor modifications. Briefly, phage preparations or bacterial colonies were fixed on coverslips for 20 min with a solution of PBS/2.5 % PFA. After 5 min of incubation with PBS/0.1 M glycine, samples were incubated with PBS/0.2 % gelatin. MDAW were stained with the anti-ORF4 N-ter antibody, used at 1/10 000 dilution, while the bacteria were stained with DAPI (49,6-Diamidine-29-phenylindole dihydrochloride) solution at 100 ng ml 21 . The secondary antibody, used at 1/100 dilution, was a goat anti-rabbit antibody labelled with Alexa Fluor 488 (Molecular Probes). Acridine orange labelling was performed according to the method described by Bradley (1965) . Image acquisition and image analysis were performed using a Leica SP5 confocal microscope.
Transduction assays. In brief, recipient strains were grown overnight on agar plates and resuspended at an OD 600 of 1 in liquid GC liquid medium containing 2.5 mM MgCl 2 , 2.5 mM MgSO 4 and DNase I (25 mg ml 21 ). Two hundred microlitres of the bacterial suspension were aliquoted into 24-well plates and mixed with 20 ml phage preparation (Table 1) . To inhibit adsorption, the anti-ORF6 antiserum was incubated with the phage preparation (20 ml of each) for 10 min before adding the bacterial suspension. Adsorption was performed for 30 min at 37 uC. An 800 ml aliquot of GC liquid medium (containing MgCl 2 , MgSO 4 and DNase) was then added to each well and plates were further incubated 2 h at 37 uC, without shaking. Appropriate dilutions were spread on GC plates containing kanamycin. Results were expressed as the percentage of recipient cells transduced.
Next generation sequencing. Libraries were constructed from genomic DNA samples using the Nextera XT DNA library prep- aration kit (Illumina) according the manufacturer's protocol. Library concentration was assessed using the Qubit dsDNA HS assay (Qubit 3.0; Invitrogen Life Technologies) and the quality was checked by running an aliquot in a 1 % agarose gel stained with ethidium bromide. Libraries were sequenced on an Illumina MiSeq using 2|150 paired-end sequencing according to the manufacturer's protocol (Illumina).
RESULTS

Characterization of the ORFs of the MDA island
An initial in silico analysis identified nine ORFs in the 8 kb MDA island (Bille et al., 2005) . A previously unidentified coding sequence, designated orf10, has been predicted by ORF Finder. This ORF is located upstream of orf1 and has no homology with any known sequence. orf10 has a size of 222 bp and a mol% G+C content of 33 % (Fig. 1) .
Eighteen of the 23 annotated genomes of N. meningitidis available (http://www.ncbi.nlm.nih.gov/genome/genomes/ 172) carry one or several highly homologous MDA islands (Tables 3 and 4) . In this work, the MDA island of strain Z2491, a serogroup A isolate belonging to ST4 and expressing a single MDA island, was used as the reference.
In an attempt to confirm the ability of the phage to enter into a productive cycle, we first aimed to show the presence of replicative forms of the MDA phage. This was performed using strain Z5463 and an isogenic derivative deleted of the MDA island (Z5463DMDA). A probe with a sequence corresponding to orf4-orf5-orf6 of the MDA was hybridized to a Southern blot of Xba I-digested DNA of both strains (Fig. 2) . As expected for a replicative filamentous phage, the DNA was present in three forms: (i) a prophagic form integrated in the chromosome, (ii) a circular dsDNA that is likely to correspond to a circular replicative form, and (iii) a single strand form that is also observed in a phage preparation of the supernatant. + 8029 100.0 0 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 To assess the function of the various ORFs of the MDA island, mutagenesis of all the MDA genes was performed as described in Methods, and the corresponding mutants were evaluated for the presence of circular replicative forms in the cytoplasm and of ssDNA in phage preparation of the supernatant. Results were compared with the consequences of mutations in genes located at similar places in M13, a filamentous phage of the Ff family, and are reported in Table 5 (Marvin & Hohn, 1969) . (Endemann & Model, 1995; Lopez & Webster, 1983; Marvin, 1998) . DDetection of the ds cytosolic form was performed by PCR using oligonucleotides 6-F with EXT1-b and EXT9-b with 6-R. §Detection of the ss supernatant form was performed by PCR using oligonucleotides 6-F with EXT1-b and EXT9-b with 6-R.
The phenotypes of orf1, orf6 and orf8 mutants have been previously described (Bille et al., 2005) . A mutant in orf1 eliminates rapidly the ability to produce the circular replicative form of the MDA, thus suggesting that production of phage requires the prophagic chromosomal DNA. A mutant in orf6 is not essential for phage replication nor assembly, and phage DNA is found in the supernatant of such a mutant. orf8 is essential for phage assembly and/ or its secretion since a mutant in this gene does not produce phage DNA in the supernatant. A strain with an MDA prophage carrying an orf1 allele mutated due to the insertion of a kanamycin-resistance cassette can produce replicative forms of the phage following introduction of an orf1 allele under the control of an IPTG-inducible promoter (see Methods). As shown Fig. 3(a, b) , induction by IPTG allowed the production of a cytoplasmic circular replicative form of the phage with a size increased by the size of the kanamycin-resistance cassette.
Strains with a mutation in orf2 and orf9 have a phenotype identical to that of an orf1 mutant, i.e. these mutations prevent the formation of circular replicative forms of the MDA. In filamentous phage such as M13, the gene in place of orf9 is a secretin, required for the secretion of the phage DNA. Our results showing that orf9 is necessary to produce replicative forms were, therefore, unexpected. However, this result is consistent with our previous data showing that this gene is not involved in the secretion of phage DNA. Indeed, the presence of single stranded phage DNA in the supernatant requires the secretin PilQ, necessary for the expression of the type IV pili on the bacterial surface (Bille et al., 2005) . The orf9 mutant was complemented by introduction, as described in Methods, of an orf9 allele under the control of an IPTG-inducible promoter. A Western blot confirmed the production of the protein ORF9 in the presence of IPTG (Fig. 3c) . Induction by IPTG allowed the production of a circular replicative form of the MDA with a size increased by the size of the antibiotic-resistance cassette inserted in the prophage orf9 (Fig. 3d) .
The orf10 mutant was unable to produce circular forms of the phage. orf10 has no homologous gene in other filamentous phages of the Ff family, but it is located at the same place as the repressor of the CTXW prophage of Vibrio cholerae (Davis & Waldor, 2003) . However, we cannot rule out a possible polar effect of this mutation on the downstream orf1 gene if an orf1 promoter was localized within or upstream of orf10. All other mutants have cytoplasmic circular forms; however, detection of phage DNA in the supernatant was observed in an orf6 mutant and to a lesser extend in an orf3 mutant. The production of replicative circular forms by the orf6 mutant is consistent with the phenotypes observed in a mutant of pIII, the corresponding protein of Ff phages, which is the adsorption protein of Ff phages (Marvin & Hohn, 1969) . However, in the case of the orf3 mutant, detection of a low amount of secreted forms was unexpected as this gene encodes a protein with homologies to pVII, a minor coat protein of phage Ff that caps the first end of the phage and has been shown to be necessary for its packaging. However, Endemann and Model have demonstrated that the absence of pVII leads to a drastic reduction of phage Ff production (Endemann & Model, 1995) , and to the secretion of low amounts of phages, which is consistent with our observations. Altogether, these data demonstrate that the genomic organization of the MDA island is very close to that of Ff phages. Visualization of filamentous phage particles produced by the MDA island Filamentous structures possibly corresponding to a filamentous phage were visualized by electron microscopy of a negatively stained phage preparation of strain Z5463 (Fig. 4a) . These fibres were surrounded by numerous membrane blebs (Fig. 4a) . They were about 1200 nm long. A similar experiment carried out with the supernatant of an isogenic strain deleted of the MDA island did not produce such structures (Fig. 4b) . However, considering that N. meningitidis produce a large amount of type IV pili, which have a morphology identical to that of a filamentous phage, we aimed at confirming that these structures corresponded to a filamentous MDAW encoded by the MDA island by labelling these filaments with antibodies directed against the major capsid protein.
Considering the location of the genes encoding ORF4 and ORF5 on the prophage genome, which is identical to that of the capsid protein-encoding genes of M13, and the consequences of their inactivation (Table 5) , i.e. not essential for the production of the circular form in the cytoplasm but essential for the production of the circular form in the supernatant, we hypothesized that either ORF4 or ORF5 was the major capsid protein of the bacteriophage. This hypothesis was reinforced by the fact that both proteins have a hydrophobic transmembrane domain. However, ORF4 but not ORF5 has a signal peptide in its Nterminal part, and shared some features with the major capsid protein pVIII of M13, such as several acidic amino acids in its N-terminal part and basic amino acids in its C-terminal part (Fig. 5a ). Subsequently several antibodies directed against peptides of these two proteins were raised (see Methods). These antibodies were used in immunolabelling assays of a phage preparation obtained from a wild-type strain and from a strain deleted of the MDA island. As shown in Fig. 5(b, c) , only antibodies recognizing the peptide localized in the N-terminal domain of ORF4 heavily labelled the filamentous structures seen in the phage preparation. No labelling was observed using antibodies directed against ORF5 or the C-terminal region of ORF4 (data not shown). These data suggest that the filamentous structures correspond to MDAW and that ORF4 is the major capsid protein of MDAW.
To definitively demonstrate that these filamentous structures corresponded to phage, we next aimed at labelling the nucleic acid inside the filaments. To achieve this goal, we took advantage of a previously described technique using acridine orange, which labels ssDNA and dsDNA differently (Campos et al., 2003) , i.e. ssDNA in red and dsDNA in green. As shown Fig. 5(d) , filaments were labelled in red, thus confirming that they were associated with ssDNA. Altogether, these data confirmed that the filamentous Fig. 6 . Immunogold-labelling of whole bacteria, strain Z5463(SB : : aph39). Two antibodies were used: (i) a rabbit polyclonal antibody directed against the N-terminal region of the ORF4 coat protein of the MDA phage and labelled with 8 nm diameter gold particles, and (ii) the mAb 20D9 directed against the SB pilin variant and labelled with 18 nm diameter gold particles. Filamentous phages (black arrow) labelled by 8 nm beads are present near pili, which are labelled by 18 nm beads (grey arrow).
structures seen in the phage preparation corresponded to the MDAW. These filamentous structures were visualized using an anti-ORF4 immunofluorescence (Fig. 5e) ; however, no bacteriophage were visualized around a pilQ deleted strain (Fig. 5f ). These data confirm that the MDAW uses PilQ, the secretin of the type IV pili, for secretion.
We next aimed to determine whether phages and type IV pili could be produced by the same bacteria. To achieve this goal, we first introduced into strain Z5463 a pilin variant from strain 2C4.3, designated SB, against which an mAb, 20D9, is available. This pilin variant was introduced as previously described as a transcriptional fusion with the aph39 gene The transduction frequency was estimated by determining the proportion of bacteria that can be infected and was expressed as normalized mean values (¡SEM) of three independent experiments. Phages infected efficiently a strain deleted for the prophage Z5463DMDA, strain 2C4.3, and comP, pilX and pilV derivatives. (b) Transduction frequencies (%) of different phage preparations in the strain deleted for the prophage (Z5463DMDA). The transduction frequency was estimated as above. MDA (orf6 :: aph39) W is deleted of the orf6 gene and was unable to infect bacteria. However, the phage MDA (orf6 :: aph3'orf6compI) W, when grown in the presence of IPTG, was able to infect the recipient strain. (c) Transduction frequencies (%) of the phage MDA (Z5463orf6-aph39) W in the recipient strain Z5463DMDA in the presence of anti-ORF6 serum. The transduction frequency was estimated as above. The phage infected efficiently strain Z5463DMDA in the presence of pre-immune (PI) serum. However, the presence of anti-ORF6 serum inhibited the entry of the phage in a dose-dependent manner. and the resulting transformants were selected for kanamycin resistance. The resulting strain was designated Z5463(SBaph39). Labelling of whole bacteria by immunogold using antibodies against the major capsid protein and the 20D9 mAb specific for the SB pilin variant confirmed that both structures could be produced by the same bacteria (Fig. 6) .
MDAW can infect naïve meningococcal strains
We next aimed to assess whether the phage could be transduced into naïve recipient strains. To achieve this goal, an aph39 gene, encoding kanamycin resistance, was first transcriptionally fused to the orf6 of the MDA prophage (strain Z5463orf6-aph39). A phage preparation of this strain was obtained from an overnight culture grown in the presence of kanamycin. Transduction was performed as described in Methods using as recipient strains: (i) Z5463DMDA, an isogenic derivative of Z5463 that was deleted of the MDA prophage; (ii) isogenic derivatives of Z5463DMDA mutated in pilE, the major pilin gene, in pilV and pilX, the minor pilins, and in comP genes; and (iii) strain 2C4.3, a serogroup C isolate, which does not carry in its chromosome an MDA prophage. All experiments were performed in the presence of DNase I and nuclease S1, to rule out a possible implication of transformation. Results are shown in Fig. 7(a) . These results demonstrated that a phage preparation of strain Z5463 could be transduced into the isogenic strain Z5463DMDA and also into strain 2C4.3. To confirm that a complete phage was introduced into both strains, five kanamycin-resistant transductants of each recipient strain were subject to whole genome sequencing. Complete phage sequences were detected in all five transductants. One transductant was further analysed and a prophage was localized at position 20 545 of the genome, between the pilS2 and pilS3 cassettes in a dRS3 sequence (Parkhill et al., 2000) . As expected, this insertion was responsible for a duplication of a dinucleotide CT at the beginning and at the end of the prophage (Bille et al., 2005) .
No transductant was obtained when both pilT and pilE mutants were used as the recipient, thus suggesting that pili are likely to carry the phage receptor, and that as expected pilus retraction is required to allow phage penetration inside the bacteria. However, transductants were obtained with pilV, pilX and comP mutants (Fig. 7a) . It should be pointed out that ComP is known to be required for DNA transformation, thus confirming that the kanamycin-resistant clones corresponded to transductants and not transformants.
As mentioned above, the analysis of the phage genome suggested that orf6 encodes the adsorption protein.
To confirm this hypothesis we engineered a derivative of strain Z5463 encoding an MDA prophage in which orf6 was replaced by aph39 (Z5463orf6 : : aph39). This mutation was complemented by introducing in cis in the chromosome an orf6 allele under the control of an IPTG promoter as described in Methods (Z5463orf6 : : aph39orf6comp). Fig. 7(b) , a phage preparation of strain Z5463orf6 : : aph39 was unable to be transduced; however, the phage preparation MDA (orf6 :: aph3'orf6compI) W obtained from the complemented strain was able to infect the recipient strain. To confirm the role of ORF6 as the adsorption protein, the phage preparation was incubated with an anti-ORF6 antibody before adsorption. Results shown Fig. 7(c) demonstrate that this antibody can, in a dose-dependent manner, inhibit the entry of the phage in the recipient cells, thus confirming that orf6 encodes the adsorption protein of the MDA phage.
As shown
DISCUSSION
In this work, we demonstrate that the MDA island is a prophage sequence encoding a filamentous bacteriophage about 1200 nm long. This prophage is present in the genome of disease-responsible strains in variable number and is located in different places on the chromosome. It is composed of ten ORFs. The production of replicative circular forms requires an integrated prophage. Indeed, strains having a mutation in orf1 or orf9 are unable to stably produce replicative circular forms, as is the case for another filamentous phage CTXW and the mutant rstA (Waldor et al., 1997) . In addition, it should be pointed out that the secretin required for phage secretion is not encoded by the phage, but is the one used by type IV pili (Bille et al., 2005) . The systematic study of the role of each ORF of the MDAW confirms the functional homologies of the various ORFs with those of other filamentous phages, such as M13 or CTXW. The major difference is the presence of a putative transposase (ORF9) in place of the M13W secretin or the CTX toxin of CTXW. Surprisingly, orf9 is essential for the formation of the replicative form of the MDAW, while, according to its localization, it was expected to be non-essential for the formation of the replicative form. The role of ORF9 has to be determined by further studies.
The type IV pili machinery is also required to allow adsorption of the phage via ORF6. Considering that none of the minor pilins are required for the phage entry, it is likely that the major pilin PilE is the receptor of ORF6. Type IV pili have a morphology very close to that of filamentous phage. Using antibodies directed against the major capsid protein, the phage could be visualized at the bacterial surface forming, in some places, bundles eventually interacting with pili. Meningococcal bacteriophages were first described in 1967 when Cary & Hunter described five lytic bacteriophages (Cary & Hunter, 1967) . Until now, no Neisseria bacteriophage has been deposited in the database of the Félix d'Hérelle Reference Center for Bacterial Viruses of Laval University (Quebec, Canada), nor in the database of the International Committee on Taxonomy of Viruses. The sequences encoding MDA were recognized in 2005 by comparative genomics as being associated with an increase in invasiveness of meningococci. The role of these sequences in meningococcal virulence was subsequently confirmed by a large epidemiological study that pointed out that the presence of the MDA was responsible for an increased invasiveness, mainly in young adults (Bille et al., 2008) . In 2005, Kawai and colleagues realized an in silico detailed description of filamentous prophages present in the N. meningitidis and N. gonorrhoeae genomes (Kawai et al., 2005) . This comparison revealed four subtypes of filamentous bacteriophages (Nf1 present in totality uniquely in N. meningitidis, Nf2 present in N. meningitidis, Nf3 present in N. meningitidis and Nf4 present in N. gonorrhoeae). In 2006, Piekarowicz and colleagues analysed the subtype Nf4 and showed the presence of a circular ssDNA form of the Nf4 phage in a N. gonorrhoeae phage preparation (Piekarowicz et al., 2006) . In 2007, Piekarowicz and colleagues described N. gonorrhoeae prophage sequences that belong to the dsDNA tailed group of bacteriophage and which are biologically active (visualization of phage particles in phage preparation) (Piekarowicz et al., 2007) . In 2014, the same team constructed a phagemid (pBS : : W6) derived from the N. gonorrhoeae filamentous bacteriophage NgoW6 [Nf4-G2(inv)] of the Nf4 group of Kawai and colleagues (Kawai et al., 2005) , and showed that isolated phagemid particles contained ssDNA that could infect and replicate in a variety of Gram-negative bacteria (Piekarowicz et al., 2014) . This infection does not require piliation of the recipient strain.
In this study, we showed for what is to the best of our knowledge the first time the presence of a filamentous bacteriophage at the bacterial N. meningitidis surface, in a pililike spatial configuration. The role of this phage in meningococcal invasiveness remains unexplained.
